The diffusion characteristics and incorporation characteristics of Zn dopants in OMVPE-grown InP are studied. The Zn diffusion constant depends strongly on concentration and increases by four orders of magnitude in the Zn concentration range 2ϫ10 18 -8ϫ10 18 cm
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The diffusion characteristics and incorporation characteristics of Zn dopants in OMVPE-grown InP are studied. The Zn diffusion constant depends strongly on concentration and increases by four orders of magnitude in the Zn concentration range 2ϫ10 18 -8ϫ10 18 cm
Ϫ3
. This drastic concentration dependence of the Zn diffusion constant is shown to determine the Zn incorporation characteristics during OMVPE growth. A spread of Zn dopants into intentionally undoped regions may result at high Zn doping concentrations in InP. © 1995 American Institute of Physics.
Zinc ͑Zn͒ is the most frequently used acceptor in InP based compounds grown by organometallic vapor-phase epitaxy ͑OMVPE͒. 1 The characteristics of Zn dopants are ͑i͒ high electrical activity, ͑ii͒ moderate diffusion at concentrations Ͻ10
18 cm
, ͑iii͒ controllable incorporation with no ''memory'' effect, and ͑iv͒ low residual toxicity. [2] [3] [4] [5] [6] [7] These characteristics make Zn preferable in InP over other p-type dopants such as Be, Cd, and Mg. High doping concentrations are desirable in many semiconductor devices in order to reduce parasitic resistances and RC time constants. However, it has been shown that the incorporation of Zn at doping levels in the 10 18 cm Ϫ3 regime is problematic 8, 9 and that Zn doping levels in the high 10 18 cm Ϫ3 range cannot be achieved by epitaxial growth.
It is the purpose of this study to investigate the diffusion characteristics of Zn in InP. We show that the diffusion characteristics display a strong dependence on concentration. We further show that the diffusion characteristics are instrumental in the incorporation process of Zn during OMVPE.
The InP layers were grown by OMVPE on ͗001͘ oriented InP substrates. The horizontal flow growth system uses trimethylgallium, trimethylindium, diethylzinc, arsine, and phosphine as precursors. The epitaxial layers consist of a first 0.5 m thick undoped InP buffer layer, a uniformly Zn doped layer with thicknesses of either 200 Å and 2000 Å, a second 0.5 m thick undoped InP layer, and a 0.2 m thick GaInAs cap layer. The ternary GaInAs cap was included to reduce the sensitivity of Zn diffusion on the ambient during annealing. Subsequent to the epitaxial growth, the samples were annealed ͑i͒ in the growth chamber under phosphine overpressure and ͑ii͒ in an AG Associate 410 rapid thermal annealer with the epitaxial side of the wafers covered by another InP wafer in order to reduce the outdiffusion of group-V elements. The Zn doping profiles were measured by secondary ion mass spectrometry ͑SIMS͒ using 5.5 keV primary Cs ϩ ions and a sputter rate of 80 Å/s. Relative sensitivity factors were derived from InP:Zn implant standards.
The SIMS profiles of Zn dopants in InP for an as-grown sample and a sample annealed at 700°C for 200 s are shown in Figs. 1͑a͒ and 1͑b͒, respectively. The intended width of the Zn doping pulse is 200 Å. Upon annealing, the SIMS profile width increases from 253 to 369 Å. The broadening of the profile is accompanied by a decrease in peak concentration from 4ϫ10 17 cm Ϫ3 to 2ϫ10 17 cm Ϫ3 . The changes in peak concentration and profile width allow us to deduce the diffusion constant of Zn in InP. In the following analysis, we assume that the diffusion constant of Zn is, within a small concentration range, independent of the Zn concentration. This allows us to model the Zn dopant profiles in terms of Gaussian distributions. Assuming that the Zn peak concentration before and after annealing is N 1 and N 2 , respectively, the diffusion constant D is given by
where t is the annealing time and 1 is the standard deviation of the initial Gaussian distribution. The full-width at halfmaximum ͑FWHM͒ of the initial dopant distribution and 1 are related by FWHM 1 ϭ2ͱ2 lnn 2 1 . Using Eq. ͑1͒, a diffusion constant of 1ϫ10 Ϫ14 cm 2 /s is deduced from the experimental data shown in Fig. 1 .
The diffusion constant can be also inferred from the change in profile width using
where 2 is the standard deviation of the profile width after thermal annealing. The standard deviation can be inferred from FWHM 2 ϭ2ͱ2 ln 2 2 . We have also modeled the Zn profiles using a concentration dependent diffusion constant. , Zn must be diffused into InP from an external source. 10, 11 Combining this experimental technique with the one outlined above yields the Zn diffusion constant in the entire concentration range of interest. Figure 3 shows the diffusion constant of Zn in InP over a large concentration range for a diffusion temperature of . The magnitude of this increase comprises four orders of magnitude. We point out that at the present time, no suitable model explaining the drastic change in diffusion constant exists. Conventional models, 12 including defectassisted diffusion and the substitutional-interstitial model cannot account for the peculiar dependence of the diffusion constant displayed in Fig. 3 .
The distinctive concentration-dependence of the diffusion constant influences the Zn incorporation during epitaxial growth. Figure 4 shows the Zn doping profiles of four different InP samples grown with four different diethylzinc precursor flows, i.e., 1, 3, 10, and 30 standard cm 3 per minute ͑sccm͒. The inset of Fig. 4 depicts the intended doping distribution. At the lowest Zn precursor flow ͑1 sccm͒, the measured Zn doping profile agrees with the intended profile. However, for higher Zn fluxes, the Zn concentration reaches a maximum of 2.2ϫ10 18 cm Ϫ3 which is not exceeded even at the highest Zn precursor flow. Instead, the Zn profile broadens significantly and Zn diffuses towards the substrate as well as towards the surface of the epitaxial layer. At a Zn flow of 30 sccm, the profile broadens from the intended profile width of 0.2 m to a measured profile width of 0.45 m.
The incorporation characteristics of Zn into InP can be understood on the basis of the strong concentration dependence of the Zn diffusion constant. As the intended doping level exceeds 2ϫ10 18 cm
, Zn atoms diffuse very rapidly. As a result, Zn doping profiles broaden at high concentrations, beyond their intended distribution width.
We point out that the concentration of 2.2ϫ10 18 cm Ϫ3 , which is the maximum achievable concentration during our OMVPE growth experiments, is not a solubility limit. Transmission electron microscopy did not reveal any evidence of Zn precipitates even at the highest Zn precursor flows. The absence of precipitations is consistent with a solubility limit of 10 20 cm Ϫ3 at a growth temperature of 635°C, which has been determined by Chang and Pearson. 10 However, the concentration of 2.2ϫ10 18 cm Ϫ3 may be the highest concentration, at which Zn incorporates on substitutional sites. Yu et al. 4 , Zn interstitials cannot be a significant fraction of the overall Zn concentration, due to the very high electrical activity of Zn in InP.
In conclusion, we have studied the phenomenology of Zn diffusion and incorporation in InP during OMVPE growth. The diffusion constant of Zn in InP depends strongly on concentration in the mid 10 18 cm Ϫ3 range and increases by four orders of magnitude in the concentration range 2 ϫ10
18 -8ϫ10 18 cm
. During OMVPE growth, the Zn concentration in the InP epitaxial layer cannot exceed a level of 2ϫ10 18 cm Ϫ3 due to the onset of rapid Zn diffusion. At Zn concentrations exceeding this level, rapid diffusion broadens Zn doping profiles beyond the intended distribution width.
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